Psoralen plus ultraviolet A (PUVA), commonly used for the treatment of hyperproliferative skin disorders, has been found to be associated with an increased risk of squamous cell cancer. Interstrand cross-link (ICL) formation by PUVA treatment is considered the major factor contributing to the carcinogenesis. However, it remains unclear how PUVA causes, or promotes cancers, in humans. As an initial step in understanding the mechanisms of mutagenesis and carcinogenesis of PUVA photochemotherapy, we have optimized and subsequently utilized a modified alkaline comet assay involving a post-lysis g-irradiation at 9 Gy to sensitively measure the formation and repair of PUVA-induced ICLs in the immortalized human keratinocyte cell line HaCaT. A clear dose-dependent response of HaCaT cells to PUVA exposure was observed with a combination of a fixed UVA dose at 0.05 J/cm 2 and a dose of 8-methoxypsoralen ranging from 10 to 100 mM. Results also indicated that the ICL repair was concentration dependent. We have also demonstrated that PUVA-induced monoadduct formation, at an estimated ratio of 3:1 to ICLs in the present experimental conditions, does not interfere with the detection of the ICLs in the modified alkaline comet assay. Furthermore, comparison of the amount of ICL formation between the single-dose UVA treatment and a split-dose protocol was performed. The split-dose protocol was believed to generate more ICLs than the single-dose treatment, thus more effective in PUVA photochemotherapy. Our results demonstrate that comparable amounts of ICLs were formed in HaCaT cells for each dose of UVA, using either the split-dose or single-dose protocols.
Introduction
Psoralen plus ultraviolet A (PUVA) photochemotherapy is a common treatment for hyperproliferative skin disorders such as psoriasis and vitiligo. The inhibition of cellular proliferation by PUVA is believed to be mediated by the formation of interstrand cross-links (ICLs) in DNA (1, 2) .
Psoralens, formed by the linear fusion of a furan ring with a pyrone, have a planar aromatic structure and a hydrophobic nature, which enables them to intercalate between DNA base pairs. Irradiation with UVA at wavelengths of 320-400 nm results in covalent binding of the furan ring with thymine forming a 4#,5#-monoadduct, whilst binding of the pyrone side with thymine generates a 3#,4#-monoadduct. Binding of both sides to complementary strands of DNA (Figure 1 ) results in the formation of an ICL (3, 4) . ICL formation occurs when the 4#,5#-monoadduct, the predominant monoadduct, undergoes further photoreaction when irradiated at 340 nm (4) .
A split-dose protocol for PUVA treatment has been proposed to be more effective in PUVA photochemotherapy (5, 6) . Here, an initial treatment with psoralen and low doses of UVA to generate monoadducts is followed by removal of the unreacted psoralen and exposure to further UVA radiation to convert monoadducts to ICLs. This protocol was believed to generate more ICLs than the single-dose protocol.
The widespread application of PUVA therapy has caused concern about its potential long-term side effects. A number of epidemiological studies have shown that PUVA photochemotherapy is related to an increased risk of squamous cell cancer (7) (8) (9) . Whilst PUVA is a proven complete carcinogen in mouse skin (10) (11) (12) (13) , it is largely unknown how PUVA causes, or promotes cancers, in humans. It has been suggested that malignancy arises from the non-repaired or mis-repaired ICLs arising in keratinocytes during photochemotherapy (2, 14) . It is therefore important to investigate PUVA-induced ICL formation in keratinocytes as an initial step in understanding the mechanisms of mutagenesis and carcinogenesis of PUVA photochemotherapy.
DNA alkaline elution and high-performance liquid chromatography (HPLC) have been used to measure the formation and repair of PUVA-induced ICLs (15) (16) (17) , but these techniques are slow and technically complex. In addition, large numbers of cells are needed to extract sufficient DNA for the assay. More recently, a modified alkaline comet assay incorporating induction of a fixed level of random DNA strand breaks by ionizing radiation has been suggested as a sensitive method to detect ICLs induced by cross-linking agents, such as mitomycin C (MMC) and chlorambucil (18, 19) . This is based on the principle that random strand breaks create free DNA fragments and the presence of the ICLs prevents the complete denaturation of two DNA strands in alkaline conditions, thus reducing the number of free DNA fragments. Therefore, the relative reduction of DNA migration can be used as an indicator of ICLs in the modified assay. However, it has not been applied for the detection of PUVA-induced ICLs. It would therefore be valuable to investigate whether the modified comet assay could be utilized to measure PUVAinduced ICL formation and to study the repair kinetics of PUVA-induced ICLs in keratinocytes. Furthermore, comparison of the amount of ICL formation between the split-dose protocol and the single-dose protocol would help to verify that the split-dose protocol is, indeed, the more effective method of PUVA photochemotherapy.
Here we report the development and optimization of a detailed protocol for the alkaline comet assay involving a post-lysis cirradiation step, modified from the McKenna protocol (19) , to sensitively detect ICLs induced by 8-methoxypsoralen (8-MOP) plus UVA in the immortalized human keratinocyte cell line HaCaT (20) . A comparison of ICL formation between the splitdose and single-dose protocols in HaCaT cells treated with 8-MOP plus UVA was also performed.
Materials and methods

Cell culture
Cell culture medium and the supplements were purchased from Cambrex (Nottingham, UK) and chemicals from Sigma-Aldrich (Dorset, UK), unless otherwise stated. HaCaT cells were maintained as monolayer in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% foetal calf serum (FCS), 1% non-essential amino acid, 50 lg/ml gentamycin, 50 U/ml penicillin, and 50 lg/ml streptomycin as previously described (21) . Cells were grown in a humidified incubator at 37°C with 5% CO 2 and were subcultured two to three times weekly (22) .
PUVA treatment
The cells were plated at a density of 1 Â 10 6 cells per well in a six-well tissue culture plate (35 mm) (Greiner, Gloucestershire, UK) and were incubated at 37°C for 3-4 h until most of the cells were attached. The medium containing floating cells was replaced by 2 ml of fresh medium and the cells were cultured for further 20 h to allow cells to reach an exponential phase of growth. 8-MOP stock solution (50 mM) was prepared in dimethyl sulphoxide (DMSO) and was aliquoted and stored at À20°C for a maximum of 3 months. Prior to experimentation, aliquots of the stock were diluted in pre-warmed serum-free DMEM to the required molarity in a final volume of 1 ml. The 8-MOP preparation and treatment were carried out in dimmed light due to its extreme light sensitivity. Cells were first washed with 2 ml DMEM and then treated with 1 ml of 8-MOP of appropriate concentration for 1 h at 37°C. Following treatment, the 8-MOP solution was carefully removed and the cells irradiated on ice at 365 nm with a dose of 0.05 J/cm 2 using an UVLS-28 lamp with a J-138 stand (UVP Ltd, Cambridge, UK). The spectrum of the lamp (with filter) was between 350 and 400 nm with a peak emission of 365 nm (full details available at http://uvp.com/spectralcharts.html), and the output was 0.001 J/cm 2 / second as measured by a UVX radiometer with a 365 nm sensor (UVP Ltd).
For split-dose treatment with UVA, the cells were treated with 8-MOP as described above. Following the treatment, the 8-MOP solution was removed and the cells were irradiated on ice at 365 nm for the first irradiation with a UVA dose of 20% total UVA dose. The cells were then washed twice with chilled DMEM to remove unbound 8-MOP and further irradiated on ice with a UVA dose of 80% total UVA dose.
After the 8-MOP treatment and UVA irradiation, the cells were washed three times in 2 ml of chilled DMEM, each for 5 min, and harvested using 750 ll of trypsin-ethylenediaminetetraacetic acid (0.05: 0.02%) at room temperature. Trypsin was quenched by adding an equal volume of DMEM with 10% FCS, and the cells suspension transferred into a 1.5 ml Eppendorff tube. Cells were centrifuged at 3000 r.p.m. for 1 min at 4°C and the pellets washed once with chilled DMEM. The cells were re-suspended in chilled DMEM at a density of 1 Â 10 7 cells/ml and kept on ice to prevent DNA repair before being processed for the comet assay.
The alkaline comet assay The alkaline comet assay was performed following the McKenna protocol (19) with a few modifications. Briefly, 10 ll of cell suspension containing 1 Â 10 5 cells was rapidly mixed with 80 ll of 0.5% low melting point agarose maintained at 42°C and the mixture was transferred onto a micro-gel electrophoresis slide (Erie Scientific, Portsmouth, NH), a frosted slide with a clear central window. Slides were pre-coated with 0.75% normal melting point agarose at 42°C, excess agarose wiped from the back, before drying at room temperature (30 min). A 22 Â 50-mm cover slip (BDH Ltd, Poole, UK) was used following application of the cell/gel mixture to ensure an even layer. After 5 min on ice to allow agarose solidification, slides were returned to room temperature for 5 min before the cover slip was carefully removed.
The slides were immersed in chilled lysis solution (2.5 M NaCl, 100 mM Na 2 EDTA, 10 mM Trisma base, pH 10) supplemented with 10% DMSO and 1% Triton X-100 prior to use. After overnight lysis at 4°C, the resulting DNA in each cell was irradiated with 9-Gy c-radiations using a Cs 137 source (Gammacell 1000 blood irradiator, Serial RCC22; Atomic Energy of Canada Ltd). The dose rate of the Gammacell was monitored within 1 year of the experimental work taking place and it was found to deliver a mean dose of 3.0 Gy/min. The following alkaline unwinding, electrophoresis, and neutralization steps were performed following the McKenna protocol (19) , with the electrophoresis carried out at 0.85 V/cm and 300 mA for 30 min. The slides were then stained with 60 ll ethidium bromide (20 lg/ml) and stored at 4°C prior to analysis in a humidified box wrapped with foil to prevent light bleaching the fluorescent dye. 
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A Zeiss confocal laser scanning microscope (model LSM510; Zeiss Axioskop, Le Pacq, France) with a laser excitation at 488 nm and a blue light excitation at 560 nm was used to view the slides with a Â10 objective. The images were then stored for later analysis using the Komet 5.5 digital imaging system (Kinetic Imaging Ltd, Nottingham, UK).
Comet analysis
Fifty cells were randomly selected and analysed from each slide. Only comets which had a defined head were scored and those with uniform intensity (or socalled ghost cells) were excluded. The primary indicator for DNA strand breaks was the percentage of DNA in the tail [% tail intensity (TI)]. The degree of ICL formation after treatment of cells with 8-MOP plus UVA was described by comparing the TI of the UVA-irradiated 8-MOP-treated samples (TI-test) with that of the UVA-irradiated untreated controls (TI-control) (19, 23) : % relative tail intensity (RTI) 5 (TI-test/TI-control) Â 100.
Statistical analysis was performed using the software package MINITAB version 14 (Minitab Ltd, Coventry, UK). When shown, mean TI AE standard error of mean (SEM) or RTI AE SEM represent data from at least three independent experiments. Comparisons of the amount of ICL formation and repair were performed by one-way analysis of variance (ANOVA), and where positive, the Student's t-test was further performed. Comparison of the amount of ICL formation between the single-dose and the split-dose UVA treatment was performed by Paired t-test. P-values , 0.05 were considered as statistically significant.
Results
Determination of the optimal doses of post-lysis c-radiation and PUVA A calibration curve of dose-response of HaCaT cells to cirradiation was constructed to assess the extent of DNA migration induced by strand breaks. Figure 2 shows that the baseline TI observed in unirradiated HaCaT cells was 9.35 AE 1.89 and every 3-Gy c-irradiation increased TI by 5.98 AE 1.24.
Subsequently, the optimal UVA dose and post-lysis cirradiation dose were determined with an initial dose range of 0.05-5 J/cm 2 UVA and 3-to 12-Gy c-irradiation. Constant doses of 8-MOP of 10, 20, 50, and 100 lM were used in combination of various doses of UVA to generate ICLs. The dose selections were based on previous studies of 8-MOPinduced ICL formation (6, 24) and the proposed modified alkaline comet assay with a post-lysis c-irradiation (19) .
In preliminary experiments (data not shown), it was shown that the TI values of HaCaT cells treated with 8-MOP at the dose range of 10-100 lM without UVA irradiation were indistinguishable from the controls (non-UVA-irradiated and non-drug-treated HaCaT cells), indicating that the 8-MOP treatment alone had no effect on TI. Similarly, the TI of UVA-irradiated cells (dose range of 0.05-1 J/cm 2 ) and the controls also showed comparable values, indicating that at these doses, UVA irradiation alone also had no detectable effect on TI.
As expected, treatment of the HaCaT cells with 8-MOP at varying concentrations, followed by UVA irradiation resulted in dose-responsive decreases of TI. This indicates that radiation-fragmented DNA was prevented from migration during electrophoresis and the differences in TI resulted from the induction ICLs by the combined 8-MOP plus UVA treatments. Figure 3a shows that, with a UVA dose at 0.05 J/cm 2 , increasing 8-MOP concentration resulted in decreased TI. Using 3-Gy post-lysis c-irradiation was sub-optimal to differentiate ICL formation at the different 8-MOP doses. Although 6-Gy post-lysis c-irradiation increased DNA migration at the lower 8-MOP dose (10 lM), it was not capable of differentiating the ICL levels with higher 8-MOP doses (50-100 lM). The 9-Gy post-lysis c-irradiation showed a clear dose-responsive decrease of TI, indicated by the near linear response between 8-MOP doses and TI.
When UVA dose was increased to 0.25 J/cm 2 , ICL formation was markedly higher than that at 0.05 J/cm 2 . Even the highest 9-Gy post-lysis c-irradiation was unable to generate effective migration of the cross-linked DNA induced by 8-MOP at the low dose of 20 lM (Figure 3b ). With the UVA dose increased to 1 and 5 J/cm 2 , the ICL formation almost reached a plateau, irrespective of increasing concentrations of 8-MOP and c-irradiation (Figure 3c and d) .
Therefore, to study ICL formation in HaCaT cells exposed to 8-MOP plus UVA at 365 nm, a combination of a fixed UVA dose at 0.05 J/cm 2 and varied 8-MOP doses ranging from 10 to 100 lM was proven to be the optimal dose combination and was subsequently used in the experiments to investigate ICL induction and repair using the modified comet assay. The 9-Gy post-lysis c-irradiation was employed to provide a fixed level of random strand breaks. Although it is not necessary, control HaCaT cells (without 8-MOP treatment) were UVA irradiated at 0.05 J/cm 2 for convenience (as control cells were located in the same plate). It has been shown that UVA at a low-dose range of 0.05-5 J/cm 2 does not cause measurable DNA damage (25, 26) .
Does monoadduct formation interfere with the detection of the ICLs using the modified alkaline comet assay? PUVA-induced photoadducts include ICLs and monoadducts. Olack et al. (6) and Gasparro et al. (27) demonstrated that the ratio of ICLs to monoadducts is dependent upon the UVA dose and is relatively independent of 8-MOP concentration. According to these reports, irradiation of lymphocytes at 0.5 J/cm 2 UVA generated 26% ICLs and 64% monoadducts (6), and adduct formation in PUVA-treated cells was independent of cell type (27) . It was therefore expected that ICL formation in HaCaT cells treated with 0.05 J/cm 2 UVA (1/10 of the reported dose) and various doses of 8-MOP was ,26%, i.e. ICLs only constitute a small proportion of the total adducts, with the majority of lesions being monoadducts. 
Sensitive detection of PUVA interstrand cross-links
In addition to the specific 3#,4#-and 4#,5# monoadduct base damages shown in Figure 1 , psoralens may also induce other types of non-ICL photolesions including oxidative base damage (28) . Some of this monoadduct or base damage can be converted to apurinic/apyrimidinic (AP) sites, either spontaneously or as transient repair intermediates of base excision repair (28) . As AP sites express as strand breaks at pH . 12.6 (29, 30) , the total number of the strand breaks detected in the modified alkaline comet assay, at pH 13, consists of the strand breaks both induced by the c-irradiation and that developed from AP sites. Given the prevalence of non-ICL monoadduct photolesions, it is possible that monoadduct-related strand breaks may bias the results of the ICL measurement using our modified protocol.
To investigate whether non-ICL-induced DNA damage formation interfered with detection of PUVA-induced ICLs, the modified alkaline comet assay with post-lysis c-irradiation was carried out both at pH 13 and at 12.1 in HaCaT cells treated with 8-MOP plus UVA. Theoretically, the TI generated at pH 13 represents both c-irradiation-induced strand breaks and AP sites, whereas that at pH 12.1 represents only strand breaks. Thus, the differences of TI between pH 13 and 12.1 would represent the AP sites generated as transient repair intermediates of excision repair of monoadducts induced by PUVA.
We found that treated HaCaT cells showed no increased TI at pH 13 compared with that at pH 12.1 in the modified alkaline comet assay with post-lysis c-irradiation (data not shown). It is possible that the strand breaks resulting from monoadduct-related alkali-labile sites comprise only a small proportion of the strand breaks, compared with the number of strand breaks generated by c-irradiation. Thus, it is considered that monoadduct formation does not interfere with the detection of the ICLs in the modified assay.
Comparison of the split-dose and single-dose UVA protocols The split-dose protocol for PUVA treatment was believed to be able to generate more ICLs than the single-dose protocol (5, 6) and is therefore proposed to be more effective in PUVA photochemotherapy.
To investigate whether this is the case, the split-dose protocol using UVA at 365 nm for both first and second doses was compared with single-dose protocol. Single doses used were 0.05, 0.25, and 1 J/cm 2 , and the corresponding split-doses were 0.01 þ 0.04, 0.05 þ 0.2, and 0.2 þ 0.8 J/cm 2 , respectively. The results shown in Figure 4 demonstrate that comparable amounts of ICLs were formed in HaCaT cells for each dose of UVA, using either the split-dose or single-dose protocols (P . 0.05 for each dose pair). This indicates that it was the total amount of UVA that determined the amount of ICLs formed by PUVA treatment and, compared with the single-dose protocol, the split-dose protocol does not increase the total amount of ICLs formation.
The results of split-dose experiments also demonstrated that PUVA-induced ICLs reached a plateau by 1 J/cm 2 UVA, i.e. 1 J/cm 2 is the saturating dose of UVA for the formation of ICLs. Figure 4b shows that 15-Gy post-lysis c-irradiation did not generate more free DNA fragments than 9 Gy in HaCaT cells treated with 8-MOP at various concentrations plus 1 J/cm 2 UVA, indicating that the ICL formation had reached a maximum level with 1 J/cm 2 UVA.
ICL formation and repair in HaCaT cells treated with 8-MOP plus UVA
A combination of a fixed UVA dose at 0.05 J/cm 2 and a dose of 8-MOP ranging from 10 to 100 lM was used to investigate ICL induction and repair in HaCaT cells using the modified comet assay. The results presented in Figure 5a show that DNA containing c-irradiation-induced strand breaks was prevented from migration during electrophoresis due to ICL formation. At the fixed UVA dose, a clear dose-responsive reduction in DNA migration is observed with increased 8-MOP doses.
More appropriately, the degree of ICL formation was described by RTI and Figure 5b presents the dose-response of HaCaT cells to 8-MOP plus UVA treatment using RTI. It shows that the ICL formation retarded the migration of cirradiation-induced DNA fragments. For example, the DNA migration decreased from 100% (9 Gy) to 85.77 AE 3.77% due to the ICLs generated by 10 lM 8-MOP plus 0.05 J/cm 2 UVA.
Two 8-MOP doses, 10 and 50 lM, were chosen to investigate the ICL repair over a 24-h period. Figure 6 shows that, when HaCaT cells treated with 10 and 50 lM 8-MOP plus 0.05 J/cm 2 UVA were allowed to repair the ICL damage for 24 h, more free DNA fragments were able to migrate in the electrophoretic field, as shown by increasing RTI. The ICLs generated by 10 lM 8-MOP plus 0.05 J/cm 2 UVA were fully removed after 24 h, indicated by the treated cells to display a comparable level of strand breaks to that shown by cells which were irradiated with 9-Gy c-ray alone. In contrast, ICLs induced by 50 lM 8-MOP plus 0.05 J/cm 2 UVA were not fully repaired after 24 h (77.85 AE 4.4% repair).
Discussion
The optimal doses of post-lysis c-radiation and PUVA The modified alkaline comet assay protocol was initially developed to allow measurement of MMC-induced ICLs in RT4 bladder cancer cells by McKenna and colleagues (19) . They demonstrated that a dose of 5-Gy c-irradiation was sufficient to generate a ceiling level of random strand breaks in naked RT4 cell DNA, as naked DNA is more sensitive to ionizing radiation strand breakage than DNA organized into chromatin, in which the highest level is 10 Gy (31,32), However, in the present study, 9-Gy c-irradiation was required Values are presented as mean TI AE SEM (a) and as mean RTI AE SEM (b) (three independent experiments were performed to generate each data point. Error bars shown are AE SEM. *P , 0.05, **P , 0.01).
Sensitive detection of PUVA interstrand cross-links to generate enough strand breaks in naked HaCaT cell DNA to differentiate ICL formation at various levels. Kumaravel (33) irradiated human peripheral blood cells with 0-to 8-Gy c-rays and showed that every gray generated an increase of 3.11 TI, whereas in the present study every 3-Gy c-irradiation induced an average increase of 5.98 TI. These data indicate that the HaCaT cell DNA might be more tolerant to c-ray irradiation than RT4 cell and human peripheral blood cell DNA. HaCaT cells have been reported to be resistant to c-irradiation due to the immortalizing procedure (34), but it is unclear why naked HaCaT cell DNA would also be resistant to c-irradiation. Nevertheless, Collins and colleagues (32) point out that, whilst it has been accepted that the maximum irradiation dose detected with the comet assay is $10 Gy equivalents, discrepancies exist among different reports. They suggest that such discrepancies might arise from subtle variations in protocols or from differences in yield of breaks arising from the use of radiation source differing in type, energy, or quality. It is possible that the actual energy level generated by the c-ray source in the present study was lower than calibrated. It is worth noting that a lineal calibration curve of human A549 epithelial cells irradiated with 0-to 25-Gy c-ray is reported and the same group observed the lineal relationship previously only with the dose range of 0-10 Gy, i.e. the assay becomes saturated above 10 Gy (35) . They demonstrated that the lower saturating dose was due to the bias arising from comet visual scoring by different scorers, and when the comets were scored by a single investigator, lineal calibration curves were obtained with the dose range of 0-25 Gy.
Merk and Speit (36) used 3-Gy c-irradiation for random strand break generation in Chinese hamster V79 cells treated with MMC and found the protocol insensitive, as MMC reduced DNA migration only at cytotoxic doses. In the present study, 3-Gy c-irradiation did not generate sufficient strand breaks in naked HaCaT cell DNA to differentiate ICLs formation at various levels; therefore, it is possible that a higher dose of c-irradiation was needed to induce sufficient number of strand breaks for V79 cells. Indeed, we have demonstrated that 9-Gy c-irradiation was required for random strand break induction in V79 cell DNA (data not shown).
The results show that the TI values of HaCaT cells treated with 8-MOP at the dose range of 10-100 lM without UVA irradiation were comparable to the untreated controls, indicating that the 8-MOP treatment alone had no effect on TI. This result was expected as 8-MOP itself only intercalates with DNA. It is when irradiated with UVA, 8-MOP binds covalently to DNA to form photoadducts, such as ICLs and monoadducts that affect DNA migration in the alkaline comet assay.
It was also demonstrated that, at the low-dose range of 0.05-1 J/cm 2 , UVA irradiation alone has no effect on TI as the TI of UVA-irradiated cells and the controls were comparable. UVA causes DNA damage via photosensitized reactions that result in the production of radicals, especially reactive oxygen species (37) . DNA oxidation leads to a rapid development of AP sites as transient repair intermediates of base excision repair, which can be quantified by the alkaline comet assay (25, 26, 38) . Crallan and co-workers (26) used alkaline comet assay to detect DNA damage in primary human keratinocytes treated with 0.1 J/cm 2 UVA and showed that the TI did not increase above background level. Another group (25) also showed that exposure of HaCaT cells to 6.1 AE 0.07 J/cm 2 UVA alone did not increase the TI compared to the control cells. The results in the present study are consistent with their data indicating that UVA at a low-dose range of 0.05-1 J/cm 2 does not cause measurable DNA strand breaks.
Monoadduct formation does not interfere with the detection of the ICLs using the modified alkaline comet assay PUVA-induced photoadducts include both ICLs and monoadducts. Although the ratio of monoadducts to ICLs was expected to be almost 3:1 in the present experimental conditions, we have shown that the monoadduct formation does not interfere with the detection of the ICLs in the modified comet assay. It is possible that the number of strand breaks resulting from monoadduct-related AP sites is extremely low, compared with that generated by c-irradiation. This is in agreement with the results from experiments in which human fibroblast cell line was co-treated with 4#-hydroxymethyl-4,5#,8-trimethylpsoralen (HMT) plus UVA together with angelicin (23) . Angelicin is a psoralen analogue, which mainly forms monoadducts and virtually no ICL in DNA. A modified comet assay using prolonged electrophoresis time to generate high degree of spontaneous DNA migration as a strand-breaking strategy was employed to measure ICL formation. Even in the presence of a 10-fold excess of angelicin, the same dose-response was observed as with HMT plus UVA alone, indicating that the results were not biased by unrelated incision events occurring during repair of monoadducts.
It is worth noting that the TI for untreated HaCaT cells (nonc-irradiated and non-drug treated) was 9.35 AE 1.89, whereas the combination of 8-MOP dose at 100 lM plus 0.05 J/cm The split-dose protocol does not increase the total amount of ICL formation than single-dose protocol The results in the present study show that comparable amounts of ICLs were formed in HaCaT cells for each dose of UVA using either the split-dose or single-dose protocols. This indicates that it is the total amount of UVA that determines the amount of ICLs formed by PUVA treatment, and compared with the single-dose protocol, the split-dose protocol does not increase the total amount of ICL formed. The split-dose protocol using UVA at 365 nm for both first and second doses was employed by Olack et al. (6) to measure the photoadduct distribution (percentage of ICLs or monoadducts in the total adduct formation). Their results show that the initial UVA irradiation of lymphocytes at 0.5 J/cm 2 generated 26% ICLs and 61% 4#,5#-monoadducts. A further 5 J/cm 2 irradiation converted 4#,5#-monoadducts to ICLs and resulted in increased ICLs formation to 65%. Schmitt and colleagues (39) used a split-dose protocol involving an initial irradiation at 419 nm and second irradiation of 2 J/cm 2 at 365 nm. HPLC analysis of adduct formation in treated mastocytoma cells showed that the second step resulted in an increase in ICLs from 3.2% after 419 nm irradiation to 56.5% after 365 nm irradiation. Because of these reported results, the split-dose protocol has since been utilized to study specific gene mutation spectrum induced by PUVA treatment (24, 37) and to investigate the repair kinetics of ICLs (23) .
However, these studies only measured the ratio of ICL formation, they did not compare the amount of ICL generation between the two protocols. In the present study, the comparison of the amount of ICL formation between the split-dose and single-dose treatment measured by the modified comet assay reveals that the ICL level is dependent on the total dose of UVA irradiation. The split-dose does not increase the number of ICLs formed compared with the same amount of single dose. Therefore, we suggest that performing the tedious split-dose treatment for ICL generation is not necessary.
Repair in HaCaT cells treated with 8-MOP plus UVA
The repair study demonstrates that ICL, induced by a low combined dose of 8-MOP at 10 lM and UVA at 0.05 J/cm 2 , were fully removed after 24 h, whilst the ICLs induced by 50 lM 8-MOP plus 0.05 J/cm 2 UVA were repaired to a lesser extent over the same period. This indicates that the repair of PUVA-induced ICLs is relatively slow, probably due to the involvement of multiple repair pathways and the requirement of S-phase for ICL repair in mammalian cells (40) (41) (42) (43) (44) . The repair kinetics of total adduct formation have been studied by other research groups. For example, it has been shown that, under in vitro conditions, freshly isolated human lymphocytes treated with 10 ng/ml 8-MOP and 1 J/cm 2 UVA are capable of removing 25% adducts in 48 h, whilst with 10-fold higher 8-MOP concentration the cells show no repair after 48 h (27) . In comparison, more efficient repair was shown in freshly isolated murine keratinocytes. Upon exposure to 15 ng/ml 8-MOP and 1 J/cm 2 UVA, 54% of the adducts were removed in 24 h (45). The higher repair efficiency in murine keratinocytes is considered to be due to the increased metabolic activity of keratinocytes, although species differences may also be a factor. However, these studies only measured the total adduct formation and repair, but not the repair of ICLs. Our data clearly show the results of ICL formation and repair specifically, without the interference of the monoadducts.
It was observed that the restoration of DNA migration in HaCaT cells treated with the lower dose of PUVA (10 lM 8-MOP plus 0.05 J/cm 2 UVA) and allowed to recover for 24 h was increased compared to results for control cells (i.e. RTI .100%). This effect was also reported by another research group investigating ICL formation and repair in Fanconi anaemia cell line treated with UVA plus HMT (23) , but the reason for this effect is unclear.
The modified comet assay is more sensitive at ICL detection than other methods The results in the present study have shown that modified alkaline comet assay with post-lysis c-irradiation is capable of assessing PUVA-induced ICL formation and repair in cultured HaCaT cells. More importantly, the modified assay is more sensitive in detecting PUVA-induced ICLs. To our best knowledge, the combination PUVA dose of 10 lM 8-MOP and 0.05 J/cm 2 UVA is the lowest dose detected for ICL formation by PUVA so far.
PUVA was employed to study photoadduct formation in calf thymus DNA using HPLC (6) . The results showed that extended irradiation with UVA at a dose range of 0.5-10 J/cm 2 , at a constant 8-MOP concentration of 180 lM, led to significant increases in the amount of ICL formation. The lowest 8-MOP concentration and UVA dose in the present study are 10 and 18 times lower, respectively.
Schmitt and colleagues (39) also used HPLC to measure adduct distribution in mastocytoma cells treated with 1 lg/ml 8-MOP plus an initial irradiation at 419 nm and second irradiation of 2 J/cm 2 at 365 nm. Their results showed that the second irradiation resulted in an almost 20-fold increase in ICL formation. The 8-MOP concentration at 1 lg/ml is equivalent to 5 lM. Although the lowest 8-MOP concentration in the present study is two times higher compared to that in Schmitt's study, the UVA dose is 40 times lower.
The formation and repair of PUVA-induced ICLs was followed by alkaline elution in Fanconi anaemia fibroblast cells (46) . The cells treated with 10 lM 8-MOP plus 0.36 J/cm 2 UVA showed slower repair of ICLs compared with normal control cells. In this study, alkaline elution was able to detect ICLs generated by same dose of 8-MOP and 7-fold higher UVA.
In the present study, the modified comet assay was able to detect ICLs induced by 10 lM 8-MOP plus 0.05 J/cm 2 UVA, demonstrating that the modified comet assay is at least 5-fold more sensitive in detecting PUVA-induced ICLs than HPLC and alkaline elution. This is also supported by the fact that the modified comet assay revealed that PUVA-induced ICLs reached a plateau by 1 J/cm 2 UVA, i.e. 1 J/cm 2 is the saturating dose of UVA for the formation of ICLs, whilst the saturating dose of UVA revealed by HPLC was 5-times more (5 J/cm 2 ) (6). In summary, the modified alkaline comet assay is a sensitive method for the detection of PUVA-induced ICLs and their subsequent repair. As only small numbers of cells are required for the assay, it would be a valuable technique in clinical studies. Furthermore, the generation of DNA strand breaks by irradiation in treated cells before cell lysis could affect other cellular processes and protein functions which would in turn interfere with the effect of PUVA. The post-lysis irradiation strategy overcomes the possible problem of interference and therefore better reflects the actual cellular damage caused by PUVA. 
